Several biological mechanisms involve proteins or proteinaceous components that are intrinsically disordered. A case in point pertains to the nuclear pore complex (NPC), which regulates molecular transport between the nucleus and the cytoplasm. NPC functionality is dependent on unfolded domains rich in Phe-Gly (FG) repeats (i.e., FG-domains) that collectively act to promote or hinder cargo translocation. To a large extent, our understanding of FG-domain behavior is limited to in vitro investigations given the difficulty to resolve them directly in the NPC. Nevertheless, recent findings indicate a collective convergence towards rationalizing FG-domain function. This review aims to glean further insight into this fascinating problem by taking an objective look at the boundary conditions and contextual details underpinning FG-domain behavior in the NPC. Here, we treat the FG-domains as being commensurate with polymeric chains to address ambiguities such as for instance, how FG-domains tethered to the central channel of the NPC would behave differently as compared with their free-floating counterparts in solution. By bringing such fundamental questions to the fore, this review seeks to illuminate the importance of how such parameters can hold influence over the structure-function relation of intrinsically disordered proteins in the NPC and beyond.
Introduction
The compartmentalization of the eukaryotic cell necessitates that biochemically specific molecules are targeted to the correct spatial location for cellular processes to proceed. In this regard, proteins and mRNA (generally termed cargo) are continuously being exchanged across the nuclear envelope (NE) separating the nucleus and the cytoplasm. This is known as nucleocytoplasmic transport (NCT), and occurs through numerous pore-like perforations in the NE, called nuclear pore complexes (NPCs) (Lusk et al., 2007; Stewart, 2007; D'angelo and Hetzer, 2008; Lim et al., 2008; Terry and Wente, 2009) .
As the only passageway in and out of the nucleus, the intrigue behind the NPC lies in its ability to sieve out and select specific molecules destined for NCT. Each NPC is a large macromolecular complex composed of approximately 30 distinct proteins, known as nucleoporins (Nups) (Rout et al., 2000; Cronshaw et al., 2002) . Based on the eight-fold symmetry of the NPC (Yang et al., 1998; Stoffler et al., 2003; Beck et al., 2004; Alber et al., 2007a,b; Beck et al., 2007; Frenkiel-Krispin et al., 2010) , each Nup is thought to be present in multiples of eight, amounting to an overall mass of approximately 60 MDa (Rout and Blobel, 1993) and approximately 120 MDa (Reichelt et al., 1990) for the yeast and vertebrate NPC, respectively. The Nups can be categorized into two structural sub-groups. One category consists of structured Nups that anchor the NPC to the NE and act as the building blocks that give the NPC its overall structure and shape (Devos et al., 2006) . Another category of Nups is located in and around the central channel of the NPC and consists of large natively unfolded domains that are rich in phenylalanine-glycine (FG)-repeat motifs (i.e., FG-domains; Denning et al., 2003) . Altogether, these components give the NPC a characteristic size of between 50 and 100 nm depending on the species (Yang et al., 1998; Stoffler et al., 2003; Beck et al., 2004 Beck et al., , 2007 Alber et al., 2007a,b; Elad et al., 2009; Frenkiel-Krispin et al., 2010) (Figure 1 ).
When considered in physical terms, the biological marvel of the NPC lies in its ability to restrict or promote cargo translocation via biochemical selectivity and not size exclusion per se. In comparison to small molecules (e.g., water and ions) that diffuse freely through its central channel, macromolecular translocation across the NPC is largely regulated for cargoes greater than 40 kDa in mass (Keminer and Peters, 1999) . Broadly speaking, specific cargoes are identified by transport receptors (i.e., karyopherins or Kaps but more specifically, importins and exportins) through a sequence of residues known as nuclear localization/export signals (i.e., NLS/ NES) (Rexach and Blobel, 1995; Gorlich and Kutay, 1999; Pemberton and Paschal, 2005; Stewart, 2007) . By binding with the Kaps, the cargo is then targeted to the NPC for exclusive translocation. In the absence of Kaps, macromolecular access through the NPC is inhibited. NCT directionality is driven by the GTPase Ran, which functions as a molecular ratchet between its GTP-and GDP-bound forms localized to the nucleus and cytoplasm, respectively (Gorlich et al., 1996) . In the case of nuclear import, RanGTP binding triggers cargo release whereas export is dependent on the hydrolysis of RanGTP to RanGDP for cargo release into the cytoplasm (Conti et al., 2006) .
The NPC paradox
Not least for its potential technological appeal (JovanovicTalisman et al., 2009) , the dualistic functionality of the NPC to act as a permeability barrier that impedes the passage of passive macromolecules while facilitating the translocation of Kap-cargo complexes has remained the center of immense interest. Paradoxically, a large cargo can only gain exclusive access through the NPC in complex with a Kap, which in many cases more than doubles its overall mass. Therefore, cargo translocation is not governed by size exclusion per se.
Several lines of evidence indicate that the unfolded FGdomains form the primary physical constituents of this gating mechanism. Each NPC consists of approximately 12 different FG-Nups amounting to approximately 200 FG-domains per NPC (Rout et al., 2000; Cronshaw et al., 2002) . The FGdomains can be further classified by their FG-repeat motifs, such as GLFG, FxFG and FG, although several FG-domains comprise more than one type of repeat (summarized in Table  1 ). Cargo selection relies on biochemical binding interactions between Kaps and the FG-repeat motifs (Radu et al., 1995; Bayliss et al., 1999 Bayliss et al., , 2000 Bayliss et al., , 2002a Cushman et al., 2006) . In doing so, Kap-FG binding is thought to somehow cause a transient breach or opening in the NPC barrier to make space for translocation to proceed. What is perhaps more intriguing is how the NPC does not seem to clog under physiological conditions, in spite of the molecular complexity and crowding (Zimmerman and Minton, 1993) within the cellular environment. This is in marked contrast to synthetic nanopores (Belfort et al., 1994) , which suffer from the aggregation of non-specific material (also known as fouling; Hong and Elimelech, 1997; Koehler et al., 1997) in and around their pores and hence are often prone to 'getting stuck'.
NPC models
The exact manner by which the FG-domains contribute to the NPC gating mechanism is still being actively debated. Nevertheless, it is generally accepted that the collective behavior of the FG-domains acts as a barrier to non-specific cargo translocation in and around the NPC (Lim et al., 2008) . In spite of their variety, these models differ only in the physical arrangement and mobility (static vs. dynamic) of the FGdomains within the NPC. So far, studies targeting the materials properties of the FG-domains directly show that FG-domain behavior can be classified as resembling (i) a polymer brush (Lim et al., 2006 (Lim et al., , 2007a Miao and Schulten, 2009 ) (i.e., dynamic), (ii) a bulk-like hydrogel meshwork (Frey et al., 2006; Gorlich, 2007, 2009) (i.e., static) or (iii) both (Patel et al., 2007) . Here, we outline the differences between these characteristics and will attempt to address their convergent properties later on.
Brush-like models
Being tethered on one end to the inner surface of the central channel, brush-like models postulate that the FG-domains can somehow form a barrier at the NPC by extending out into the solution. Originally, the 'Brownian affinity gating' model (Rout et al., 2000) (also known as 'virtual gating'; Rout et al., 2003) postulated that the mobile FG-domains can The FG-domains are defined as the largest contiguous sequence of amino acids containing the FG motifs FxFG, GLFG, FG, FxF and their reverse sequences (using this order of priority in case of overlaps), separated by -100 amino acids and including 10 additional amino acids at the termini of the domain.
b Defined according to Patel et al. (2007 give rise to an entropic barrier that sterically hinders nonspecific cargoes from entering the NPC. Next, the 'oily spaghetti' model (Macara, 2001 ) described the FG-domains as being loose extended chains that lined the inner NPC walls, leaving a cylindrical, tube-like space of approximately 10 nm in diameter that remained unoccluded by the FG-domains at the very pore center. The FG-domains would then be easily 'pushed aside' by transient Kap-FG interactions for cargo translocation to proceed. Indeed, the mobility of FG-domains has been inferred from immunolabeling electron microscopy based on variations in their localization within the NPC (Fahrenkrog et al., 2002; Lim et al., 2007a) . Later, in vitro evidence obtained using biophysical atomic force microscope (AFM) measurements showed that the FG-domain of Nup153 could act collectively as a polymer brush when endtethered to 100 nm gold nanostructures (Lim et al., 2006 (Lim et al., , 2007a . By definition, polymer brush formation occurs when endtethered polymeric chains extend and stretch in a net perpendicular direction away from a surface under dense packing conditions in a good solvent. In this way, surfaces covered in polymer brushes frequently exhibit a property of resistance to non-specific adsorption and material accumulation owing to an exponential, long-range repulsive force that is generated by the brush (Degennes, 1987) . With regard to the NPC, this suggests that brush-like FG-domains could collectively give rise to a corona-like or cloud-like steric barrier in and around the central channel that could repel non-specific cargoes and might explain why the NPC does not clog in vivo. In poor solvents, polymer brushes are known to collapse into tight compact structures owing to the dominance of intra-chain interactions over weak chain-solvent interactions (Minko, 2006) . Interestingly, the FGdomain brush of Nup153 was shown to reversibly collapse by switching between 5% hexanediol (i.e., poor solvent) and PBS buffer, respectively (Lim et al., 2006) . This supported the observation that hexanediol causes a non-selective opening of the NPC in transport assays (Ribbeck and Gorlich, 2002; Shulga and Goldfarb, 2003) .
To explain how specific cargoes translocate through the FG-domain brush, it was observed within the NPC by immunolabeling electron microscopy and by in vitro biophysical AFM measurements that Kapb1 (importinb)-FG binding also causes a collapse of the FG-domains (Lim et al., 2007a) . The FG-domain collapse could be subsequently reversed upon the introduction of RanGTP, which was explained to prevent further binding of the Kapb1 molecules to the FGdomains. Although these observations were of a static (i.e., not time-dependent) nature, they indicate that Kap (un)binding can cause the FG-domains to undergo transient conformational changes, such as by collapsing and distending (i.e., akin to being 'pushed aside'; Macara, 2001 ) in a rapid, stochastic manner during cargo transport (Lim et al., 2007a) . Nevertheless, it remains to be shown whether differences in Kap-FG binding affinities (Ben-Efraim and Gerace, 2001; Bednenko et al., 2003; Pyhtila and Rexach, 2003) between the various Kaps and FG-domains also result in similar collapse phenomena.
Gel-like models
Ribbeck and Görlich first proposed that the FG-domains could resemble a sieve-like meshwork or 'selective phase' within the NPC based on hydrophobic interactions between neighboring FG-repeats (Ribbeck and Gorlich, 2001) . They subsequently showed and explained that mild apolar solvents (e.g., hexanediol) could cause a reversible collapse in the FG-domain barrier by perturbing the hydrophobic inter-FG interactions (Ribbeck and Gorlich, 2002) . Subsequently through extensive investigations, Görlich and co-workers have since shown that FG-domains can form crosslinked macroscopic hydrogels from solution (Frey et al., 2006; Gorlich, 2007, 2009 ). Interestingly, Frey et al. showed hydrogel formation for both FG-/FxFG-(Nsp1) and GLFGdomains (Nup49 and Nup57) (Frey and Gorlich, 2009) . They went on to show that these FG-domain hydrogels could reproduce the permeability properties of the NPC provided that the gels are saturated, i.e., every FG-repeat participates in a crosslink Gorlich, 2007, 2009) .
The selective phase model predicts that the spacing between each mesh (estimated to be between 3 and 6 nm based on the length of one repeat unit; Gorlich, 2007, 2009 ) defines the size limit for free diffusion through the hydrogel. Selective transport could then occur through catalytic binding of the Kap to individual FG-repeats that would effectively break individual cross-links without requiring any additional energy (Kustanovich and Rabin, 2004) . In further support of the model, the retention of inert cargoes in solution during receptor-led transport indicates that the FG hydrogels possess a 'self-healing' property that could be important in the NPC (Frey and Gorlich, 2009 ). It is not clear, however, how hydrogel formation can take place in the NPC based on the differences between the in vitro requirements for gelation and in vivo conditions in the cell.
Other models
In vitro micro-bead binding assays used to classify the affinity of the different FG-domains showed that the FxFGdomains are non-cohesive as compared with the cohesive GLFG-domains (Patel et al., 2007) . By correlating these properties to their estimated localizations in the NPC, the 'two-gate' model (Patel et al., 2007) proposes that the central channel is occupied by a FG-hydrogel whereas the FGdomains at the peripheries are brush-like. However, conflicting reports remain as to the observed non-cohesive properties of the FxFG domain Nsp1 in comparison with the hydrogelforming property of Nsp1 (Frey et al., 2006; Gorlich, 2007, 2009 ). More generally, the class of GLFG domains that was postulated to favor hydrogel formation is particularly lacking in vertebrate NPCs and is only found in yeast (Table 2 ).
Yet, it has been suggested that the FG-domains are in a perpetual state of collapse after equating the observation of FG-domain collapse (Lim et al., 2007a) to the measured physiological Kap concentration in the NPC (Paradise et al., Most of the Nups in this group are present in two copies per spoke as defined in Rout et al. (2000) .
2007
). According to the 'reduction of dimensionality' (ROD) model (Peters, 2005 (Peters, , 2009a , the collapsed FG-domains could effectively coat the walls of the central channel with a coherent hydrophobic 'FG-rich layer' that would promote the surface diffusion of Kap-cargo complexes. Although direct experimental evidence is still lacking, the collapsed height of approximately 10 nm for Nup153 (Lim et al., 2007a) implies that an unoccluded space at the central channel would allow small molecules to permeate through (Peters, 2005 (Peters, , 2009a .
Defining the contextual details of the NPC
A large part of the ambiguity regarding FG-domain behavior and how NPC function is regulated stems from difficulties in visualizing the FG-domains within individual NPCs. Despite obtaining high-resolution structural information of the overall NPC and its sub-complexes by cryo-electron tomography (cryo-ET; Stoffler et al., 2003; Beck et al., 2004 Beck et al., , 2007 Elad et al., 2009 ; Frenkiel-Krispin et al., 2010) and X-ray crystallography (Boehmer et al., 2008; Brohawn and Schwartz, 2009; Leksa et al., 2009; Whittle and Schwartz, 2009) 
FG-domains in the NPC
In Figure 2 , we use drawn-to-scale illustrations to demonstrate how the contextual details of the NPC can affect the way the FG-domains look and behave inside the NPC. First of all, we have defined the NPC to take on a smooth 'hourglass-like' hyperbolic topology. Although this oversimplifies the topographical corrugations in the central channel, we aim to use the 'easiest case' to demonstrate how small differences in nanoscale features -many of which remain uncertaincan affect FG-domain behavior in the NPC. In the absence of the FG-domains, the central channel has a height (Z) of approximately 37 nm, with its narrowest (i.e., central plane) and widest diameter (i.e., both peripheries) being approximately 38 nm and approximately 98 nm, respectively, as predicted for the yeast NPC (Alber et al., 2007a,b) . The volume and surface area of such a central channel is estimated to be approximately 85 000 nm 3 and approximately 15 000 nm 2 , respectively. The unperturbed molecular size of each FGdomain can be defined by its hydrated hydrodynamic radius (R). This is a sensible approximation given that polymeric chains maintain their hydrodynamic size when end-tethered on a surface so long as the distance (d) between anchoring sites is more than twice the hydrodynamic radius (d)2R) of the polymer (i.e., forming 'mushrooms'; Degennes, 1987) . Denning and colleagues have reported that the hydrodynamic radius (i.e., Stokes' radius) of Saccharomyces cerevisiae FGdomains lies between 4 and 8 nm depending on the specific Nup (Denning et al., 2003) . Accordingly, we have calculated from these values an average unperturbed hydrodynamic radius of Rs6 nm. For consistency, the FG-domains in Figure 2 have been drawn to scale with a line thickness reflecting the size of a single amino acid (approx. 0.4 nm).
First, we would like to address a situation where the distance between each FG-domain anchoring site is more than twice the hydrodynamic radius (d)2R). As defined in the cutaway view in Figure 2A , our model consists of eight planes (or levels) in the Z-axis with each level consisting of eight FG-domain anchoring sites evenly spaced around the circumference of each level (for a total of 64 FG-domains). This gives d Z s12.5 nm and d r s15.3 nm for the distance between anchoring sites in (i) the curved surface running along the Z-axis, and (ii) around the circumference at the central plane, respectively. In spatial terms, each hydrated FG-domain is able to maintain its hydrodynamic size (forming 'mushrooms') when tethered to each respective anchor- (Alber et al., 2007a ) with a height (Z) of f37 nm, as well as the narrowest (i.e., central plane) and widest diameters (i.e., both peripheries) being f38 nm and f98 nm, respectively. d Z and d r correspond to the distances between anchoring sites in the Z-axis and the circumference of the central plane, respectively. Each FG-domain is also drawn to scale with a thickness of approximately 0.4 nm. Based on the number of FG-domains and distance between anchoring sites, the FG-domains can give rise to (A) mushroom-like conformations of Rs6 nm where the chains do not interact with each other, (B) to a brush conformation where close packing and overlap causes the FG-domains to stretch away from the walls. (C) The uncertainty in their anchoring sites allows us to conjure a situation where the brushes are localized towards the peripheries of the central channel, leaving the inner part of the channel 'FG-domain free'. (D) Meshwork formation occurs when highly extended FG-domains are able to form strong linkages with each other across the central channel via hydrophobic inter-FG interactions or attractive electrostatic interactions. Note that a large amount of energy is required to stretch a single FG-domain across the central channel. (E) A two-gate model is illustrated where the central and peripheral FG-domains form a meshwork and brush respectively. Panels (F) and (G) illustrate plausible differences in multivalent Kap-binding between isolated FG-domains anchored far apart from each other and FGdomains anchored close together. See text for details. Note that the gray shaded areas emphasize the dynamic mobility of the FG-domains and help to demarcate the NPC repulsive barrier.
ing site leaving the central channel 'open'. Over these spatial distances, the FG-domains are unlikely to touch each other and are much less likely to occur naturally extended across the central channel. With the persistence length of a single FG-domain being on the order of a single amino acid (Lim et al., 2006) , it would take a large amount of energy (i.e., approx. 10-100 k B T) to stretch a single FG-domain from its relaxed state (defined by the hydrodynamic radius) over a distance comparable to its contour length (i.e., its maximum possible extension length; Janshoff et al., 2000) that is capable of reaching across the pore (Lim et al., 2007b) . This difficulty becomes more pronounced moving outwards from the central plane towards the peripheries of the pore given its curved hourglass-like cross-section (i.e., the FG-domains would have to be stretched over larger distances). Hence, suggestions that the FG-domains can reach across the pore some multiple times seem rather improbable considering their inherent structural flexibility and entropic elasticity.
A second scenario is shown in Figure 2B where the anchoring sites are more closely spaced. Here, the eight Zaxis planes are now defined at a distance d Z s4.6 nm. Moreover, each level now consists of 16 FG-domain anchoring sites (two multiples of eight) evenly spaced around the circumference of each level (for a total of 128 FG-domains). This gives a d r value of 6.4 nm. In this situation, both d r and d Z are less than 2R (s12 nm). If FG-domains were accord-ingly tethered, their overlapping exclusion volumes would cause the FG-domains to stretch away from the surface of the central channel to maximize conformational entropy and assume the most energetically favorable state. By definition, the extended FG-domains are now in a polymer brush conformation (Degennes, 1987) . A characteristic property of a polymer brush is that it gives rise to a long-range exponentially decaying steric repulsive force (Degennes, 1987 ) (gray shaded area in Figure 2B ). This resistance to compression explains why polymer brushes are commonly used as barriers against macromolecules while remaining porous to solvent molecules (Zhou and Huck, 2006) . As compared with Figure 2A , the diameter of the central channel is now greatly reduced. This forms the basic premise of the NPC brush model where the repulsive FG-domain barrier acts to 'push away' non-specific macromolecules and not just impede their passage into the NPC. A key point to note is that although brush-like behavior does not preclude any electrostatic or hydrophobic inter-FG interactions between FG-domains (Miao and Schulten, 2009) , it is an important pre-requisite for FG-domain extension and stretching.
A situation where anchoring sites are lacking at the central plane is given in Figure 2C . Indeed, this is a reasonable scenario considering that the uncertainty of FG-Nup localization studies was reported as "8 nm and "4.5 nm along the radial and Z-axis in the yeast NPC, respectively (Alber et al., 2007b) . Note that the FG-domain barrier is now predominantly located at the peripheries of the central channel.
Once past the FG-domain 'corona' or 'cloud', a Kap-cargo complex could exhibit unhindered Brownian motion within the very middle of the central channel (Yang et al., 2004; Herrmann et al., 2009) .
A scenario where the distance between anchoring sites is small enough can provide the driving force for the brushlike FG-domains on opposing sides to extend to the point where they would be within range to interact with each other across the central channel ( Figure 2D) . A survey of all FGdomains from both S. cerevisiae and Homo sapiens reveals that they contain an average of approximately 25% hydrophobic residues and up to 20% charged residues (Table 1) with more than 50% of residues in a single FG-domain being made up of disorder-conferring amino acids (Denning et al., 2003) (A,R,Q,E,G,K,P,S). Meshwork formation in the NPC will then require that the molecular linkages consisting of either hydrophobic inter-FG interactions, attractive electrostatic interactions, or both would have to be strong enough to stabilize each FG-domain. Here, it is important to bear in mind that these 'cohesion'-promoting interactions would occur in the presence of other 'non-cohesive' interactions such as electrostatic repulsion between FG-domains, steric hindrance and spatial confinement effects within the NPC. In the ensuing competition between the different interactions, the central channel would be occluded by the FG-domain meshwork if the degrees of attractive 'cohesive' interactions dominate locally over the repulsive ones. A consideration of these contextual details might explain why the equivalence of this scenario and that of macroscopic gels constructed from non-tethered FG-domains in solution (Frey et al., 2006; Gorlich, 2007, 2009 ) is not obvious.
Alternatively, in Figure 2E the formation of a central mesh-like sieve (i.e., comprising cohesive GLFG-domains) and peripheral brush-barriers (i.e., comprising non-cohesive FxFG-domains; similar to Figure 2B ,C) could give rise to a two-gate system (Patel et al., 2007) .
Finally, in Figure 2F , we show with a simple illustration how differences in the distance between anchoring sites can also influence Kap-FG domain binding. This arises owing to the fact that both Kaps and FG-domains exhibit multiple FGbinding pockets and Kap-binding FG-repeat motifs, respectively. For instance, Kapb1 is estimated to have ten FG-binding pockets (Bayliss et al., 2000; Isgro and Schulten, 2005) . Strictly hypothetically, let us assume that two similar but widely spaced FG-domains can maximally bind three Kaps each (with a characteristic binding affinity). Now, if the spacing between FG-domain anchoring sites is reduced ( Figure 2G ), one would find that Kap-FG binding might be more complex because the same Kaps are likely to interact with FG-repeats localized on different FG-domains. Hence, in spite of their apparent weak binding affinity, we predict that Kap-FG domain binding kinetics ought to vary as a function of FG-domain surface density (i.e., exhibiting the effect of avidity) as given by the distance between anchoring sites. If proven correct, in vitro binding affinity measurements would be particularly sensitive to experimental protocol and design.
Outlook
Undoubtedly these examples represent an oversimplification of the NPC. In actuality it is estimated that each NPC consists of about 200 FG-domains divided among approximately 12 different FG-Nups in both yeast (Rout et al., 2000) and vertebrate (Cronshaw et al., 2002) NPCs. Being at the nanometer molecular length scale, a primary 'boundary' condition necessitates that FG-domain behavior in the NPC will be governed by the fact that each chain is anchored to the central channel. Hence, a discrepancy remains as to whether FGdomains free-floating in bulk solution can be rationalized to behave in a comparable manner to those within the NPC. This is because parameters such as the exact position of each anchoring site and the distance between anchoring sites define the most basic structural/physical determinants that would influence FG-domain behavior and Kap-FG interactions in the NPC.
One can conduct yet another exercise to demonstrate the importance of FG-domain distribution in the (yeast) NPC. Instead of superimposing individual FG-domains into the NPC, we have labeled each FG-Nup position (estimated by Alber et al., 2007b) with an integer representing the expected number of FG-domains present per FG-Nup (taken from Terry and Wente, 2009; see Table 2 ). As shown in Figure 3 , the most abundant FG-domains belong to the symmetric FGNups located close to the central plane (note: the data for Nup53 and Nup59 are not clear and have been left out). Yet, with the exception of Nsp1, Nup49 and Nup57 are compar- atively short having a reported hydrodynamic radius of 4.1 nm and 4.7 nm, respectively (Denning et al., 2003 ) (see also Table 1 ). Being close to the central plane with an estimated number of 16 FG-domains, the distribution of Nup57 (FG/GLFG) initially shows the closest resemblance to the scenario presented in Figure 2B . As follows, we find that d r (f6.4 nm) -2R Nup57 (s9.4 nm) and indicates that Nup57 would be in the brush-regime. If we further factor in the uncertainty regarding the anchoring sites of Nup57 (Alber et al., 2007b ) (indicated by the vertical error bar in Figure 3) , it is also reasonable for the NPC to be lacking FG-domains close to the central plane closely resembling the scenario presented in Figure 2C . Or, if the error in the radial distribution of Nup57 is also accounted for, it might well be that individual Nup57 FG-domains can stretch over a distance of approximately 20 nm to form a meshwork across the central channel. Upon closer inspection, it would appear that Nsp1 has the highest likelihood of forming a meshwork having a large hydrodynamic radius and being closely spaced with 32 copies. However, conflicting experimental evidence showing that yeast Nsp1 exhibits both cohesive (Frey et al., 2006; Gorlich, 2007, 2009 ) and non-cohesive properties (Patel et al., 2007) makes it even more difficult to predict if it forms a meshwork in the NPC.
This also raises questions related to semantics, where the FG-domains are often described as being 'filaments', 'filamentous' or even 'spaghetti-like'. Such descriptions can be potentially misleading because they imply that the FGdomains (each consisting of a single strand of amino acids) could be easily extended or structurally rigid (e.g., in a manner similar to intermediate filaments; Herrmann et al., 2007) enough to reach across the central channel on their own. If some form of macroscopic reasoning were required, the entropic elasticity of each FG-domain would be better described to resemble a single-stranded rubber band, where it becomes (exponentially) more difficult to pull the more it is stretched.
So how can NPC topology further affect FG-domain behavior? If we assume that an hourglass correctly approximates the NPC cross-sectional curvature, the FG-domains might be increasingly oriented in an outward direction from the central pore moving away from the central plane (as depicted in Figure 2 ). Although the asymmetric FG-domains at the peripheries are long (with the exception of Nup145, Nup60, and Nup42), the fact that they only comprise eight FG-domains in addition to the larger diameter/circumference of the central channel at the peripheries indicates that their anchoring sites are probably more widely spaced. Similarly, spatial confinement close to the central plane might cause the FG-domains anchored there to preferentially 'reach out' of the central channel to maximize their conformational entropy (as opposed to simply coalescing in the central channel), such as has been observed for synthetic polymers (Lim and Deng, 2009) .
Clearly, the NPC does not only consist of FG-domains, but also Kaps and cargoes, which interact with each other as well as the FG-domains dynamically over time. On their own, the FG-domains contribute approximately 75 000 amino acids (or alternatively approx. 3500 FG repeats). Assuming each amino acid has a volume of approximately 0.1 nm 3 (Nolting, 2006) , less than 10% of the central channel by volume would be occupied by the FG-domains inside the NPC. Such a vacant depiction of the NPC can be considered to represent the 'ground state' whereby the FG-domains are not bound to any endogenous receptors and cargoes. If such a state could be achieved in situ, this could allow for subsequent changes in the FG-domains to be investigated and rationalized with model predictions. For instance, can Figure  2B and Figure 2A reasonably depict the central channel before and after 50% of the FG-domains have been deleted (Strawn et al., 2004) ? In the case of cargo import, FGdomain behavior might be tested for any changes occurring before and after Kap binding. Could the conformational changes observed for Nup153 before and after binding Kapb1 be more general to other FG-domains? Likewise, the premise of the selective phase model predicts that Kaps compete with the hydrophobic inter-FG interactions to transiently 'open' the meshwork so as to provide more space for diffusion to proceed (Ribbeck and Gorlich, 2001; Frey et al., 2006; Gorlich, 2007, 2009) . Could one test for a physical swelling of the FG-domain meshwork in the NPC that de-swells back to its crosslinked state once import is completed? Can both the brush and meshwork FG-domain conformations help in minimizing non-specific clogging at the NPC?
Looking ahead, the following questions could perhaps allow us to glean further insight as to how the FG-domains contribute to NPC functionality: how far apart are the FGdomain anchoring sites (i) in the direction parallel to the NPC Z-axis, and (ii) along the circumference of the NPC? Can the FG-domains interact with the structured walls of the central channel? How strong are inter-FG interactions under stretched FG-domain conditions? How do repulsive interactions (e.g., electrostatic, steric) compete against attractive interactions (e.g., inter-FG hydrophobic, electrostatic) between the FG-domains? Can their resulting degrees of interaction be quantified in the NPC? What is the degree of hydrophobicity required to define a specific Kap-FG interaction (in light of recent evidence showing that a degree of hydrophobic character is needed for non-specific translocation to proceed; Naim et al., 2009) ? Is the observed Brownian motion of Kap-cargo complexes within the NPC (Herrmann et al., 2009 ) dependent on FG-domain behavior? How does a Kap slide and can Kap-sliding be promoted along a collapsed FG-domain surface? On a related note, the dynamic time-scales of Kap-FG interactions remain wholly unknown. What are the relevant timescales that describe single molecule Kap-FG interactions? What are the relaxation times of the FG-domains after Kap release? Does a continuous presence of Kaps in the central channel imply that the FG-domains are always collapsed? Last but not least, do the FG-domains in different species display the same functional characteristics based on differences in NPC size and structure (Figure 1) ?
Understanding FG-domain behavior has presented major challenges given that natively unfolded/intrinsically disordered systems are less well understood in biology. In this review, we have introduced basic concepts in polymer physics that illustrate a collective convergence towards rationalizing unfolded FG-domain function in the NPC. These can be particularly useful in making direct experimental and theoretical correlations, and sets the next stage of investigation where interdisciplinary efforts will be required to obtain a rigorous understanding of FG-domain behavior at the relevant length scales, topologies and timescales. Clearly, our understanding of NPC functionality will be further bolstered by a deeper appreciation for the contextual details governing FG-domain behavior with relevance to other intrinsically disordered biological molecules and systems (Tompa et al., 2009) .
Concluding remarks
During the final stages of preparing for this review, we came across four newly published papers that deserve worthy mention. Of special interest is a study by Ma and Yang, who mapped in three dimensions the spatial density of interaction sites between importinb1 and the FG-domains in the NPC using single-point edge-excitation subdiffraction (SPEED) microscopy ( Figure 4) (Ma and Yang, 2010) . In addition to finding that their interactions increased from the NPC peripheries towards the central pore, the authors reported that there exists a 10-20-nm-diameter tube-like region at the center of the NPC that is rarely occupied by both cargo-free and cargobound importinb1 (i.e., suggesting a lack of FG-domains there). This indicates that the FG-interaction zone in the NPC spans a radial distance of approximately 20 nm from the inner wall of the central channel towards the central axis. Being larger than the hydrodynamic size of a FG-domain might indicate a brush-like extension of the FG-domains (compare with Figure 2B ). Their data also highlighted distinctively the NPC barrier-region where receptor-free cargoes were occluded in the absence of importinb1. Clearly, the overlap between the receptor-FG interaction zone and the barrier region underscores the dualistic role of the FGdomains to promote and hinder cargo translocation. At least in part, the cytoplasmic approach pathway of receptor-free cargoes that is gradually hindered at the central plane suggests that a conformational change in the FG-domains we.g., brush re-extension (Lim et al., 2007a) and/or meshwork resealing (Frey and Gorlich, 2009) ; compare with Figure 2Ex might have occurred in the absence of importinb1. As suggested by the ROD model (Peters, 2005 (Peters, , 2009a , this implies that the FG-domains are less extended (i.e., or partially collapsed) under physiological transport conditions. Next, two separate papers (Ader et al., 2010; Yamada et al., 2010) now show corroborating evidence that could help to dispel the conflicting experimental evidence that yeast Nsp1 is both cohesive (Frey et al., 2006; Gorlich, 2007, 2009 ) and non-cohesive (Patel et al., 2007) . Here, both groups report that the FG-domain of Nsp1 contains both a cohesive and non-cohesive region in its N-and C-terminal parts, respectively. Moreover, Yamada et al. demonstrate that regions of FG-domains can be globularly compact (cohesive) and extended (repulsive) depending on their low charge and high charge content, respectively. This is in agreement with predictions (Bright et al., 2001 ) that intrinsically unstructured proteins can exhibit polyampholytic behavior (i.e., charged polymers consisting of both positively and negatively charged groups).
Finally, Eisele et al. used two-dimensional planar lipid bilayers to produce densely tethered FG-domains (Nsp1) that were extended to approximately 35 nm in length (Eisele et al., 2010) . They showed that Kap95 (importinb from S. cerevisiae) could efficiently enter, permeate and leave the FG- Figure 4 Three-dimensional spatial density of receptor-cargo and FG-domain interaction sites in the NPC (blue: lower density, green: higher density) as revealed by single-point edge-excitation subdiffraction (SPEED) microscopy (Ma and Yang, 2010) . Note that the high-density areas (green) suggest that the FGdomains are extended at a length of approximately 20 nm from the surface of the central channel (red) towards the central axis (compare with Figure 2B) . A 15-nm-diameter axial region at the center of the NPC is rarely occupied by both cargo-free and cargo-bound importinb1 (i.e., suggesting a lack of FG-domains there). In the absence of importinb1, the green area also demarcates the range of the FG-domain barrier in the NPC where the passage of receptorfree cargoes on approach from the cytoplasm is hindered close to the central plane (orange zone). Modified from Ma and Yang (2010). domains without affecting the global morphology of the FG-domain film (i.e., no collapse was observed). Although the authors interpreted this finding in the context of meshwork formation within the film, the fact that the FG-domains were extended about 35 nm away from the bilayer surface indicates (by definition) a brush-like characteristic in the FGdomains.
In conclusion, our survey of the current evidence on FGdomain behavior converges on the point that extended brushlike behavior and the formation of meshwork-like linkages might not be mutually exclusive in the NPC. From here on, it remains instructive to account for the key contextual details in trying to understand how the various FG-domain effects and their differing degrees of interaction contribute to the selective transport of cargoes through the NPC.
